ABSTRACT This paper focuses on vehicle-to-vehicle (V2V) radio channel properties under ramp scenarios with different structures. Ramps are categorized according to different construction structures into: 1) viaduct ramp with soundproof walls in an urban area and 2) a general ramp without soundproof walls in a suburban region. Furthermore, considering whether the line of sight is available, the entire propagation process of the radio signal is divided into various propagation zones. Propagation characteristics, including the distribution of fading, fading depth (FD), level crossing rate, average fade duration, Root-Mean-Square (rms) delay spread, propagation path loss, and shadow fading, have been estimated and extracted. In particular, the radio channel properties in different types of ramp scenarios are compared and some interesting findings are obtained: 1) an abrupt fluctuation of the received signal level (RSL) in the urban viaduct ramp scenario indicates the nonignorable impact of soundproof walls on V2V radio channel and 2) continuous changes of RSL and different FD values in various propagation zones can be observed in suburban ramp scenarios. Furthermore, the statistical characteristics of RMS delay spread are fitted using a generalized extreme value model with a good fit. Furthermore, propagation path loss is modeled, demonstrating the difference of path loss values in the transition region owing to the impact of soundproof walls. Overall, the research results emphasize the significance of the V2V radio channel modeling under ramp scenarios.
I. INTRODUCTION
With the rapid development of the automobile industry, making traffic safe, efficient, and intelligent has become an inevitable trend. As an effective medium to exchange information, vehicle-to-vehicle (V2V) communication can effectively satisfy the application and service requirement of intelligent transportation systems (ITSs). Generally, two main aspects of vehicular communication are expected to serve modern transportation [1] - [5] . On the one hand, it can provide a stable network among vehicles to transmit smooth flow of information to fulfill the basic requirement of data exchange. On the other hand, it can offer support, including position location and collision avoidance, to improve traffic safety by sharing real-time data and revealing the changes of channel properties. Both applications highly depend on the quality of the radio channel, which varies with the propagation environment [1] - [3] . However, owing to the high speed and mobility of vehicles, vehicular communication requires a reliable and efficient wireless link to guarantee the stability and accuracy of real-time data. Moreover, the quality of the wireless communication link highly relies upon the properties of the radio channel, which are easily affected by the propagation environment [1] - [3] . Therefore, understanding V2V wireless propagation channels is important, especially under practical traffic environments.
A. LITERATURE REVIEW
The study of propagation channel characteristics of vehicular communication -both theoretical and practical -has previously attracted significant attention [1] - [3] , [6] - [13] . Molisch et al. [1] provided an overview of numerous V2V channel measurement campaigns in many important traffic environments, and presented various classical channel properties, such as path loss, power delay profile (PDP), delay spread, and Doppler spread. The difference between vehicular communication and traditional cellular communication was demonstrated in this report as well. Paier et al. [14] carried out a car-to-car measurement campaign in a highway scenario. In this measurement, both measurement cars were traveling in opposite directions, and the results of path loss, PDP, and delay-Doppler spectra were studied and presented. References [7] - [9] and [15] are extensive studies devoted to V2V channel path loss modeling under various propagation conditions.
Furthermore, numerous research outcomes have not only addressed normal circumstances, such as urban areas [6] - [8] , suburban areas [8] , and highways [14] but also concentrated on particular scenarios. Theodorakopoulos et al. [16] derived a simulation model for a V2V radio channel in an urban cross-junction scenario, whereas Abbas et al. [17] deduced a flexible non-line-of-sight (NLOS) path loss model for a street intersection based on measurement. He et al. [10] studied V2V channel characteristics in different types of crossroad scenarios. Liu et al. [18] conducted measurement campaigns and determined the analytical results of V2V propagation path loss and RMS delay spread for overpass scenarios.
Moreover, a ramp, which is one among the multitudinous structures used in transportation, is also very common in V2V propagation environments. It usually appears together with a highway in suburban or rural areas [17] , [19] . However, according to our investigation, in many large cities with heavy traffic, ramps are also common passageways for the urban high-speed viaducts used to ease the traffic pressure in the city. This structure of ramp will form NLOS area in the V2V propagation, which may obstruct the sight of the drivers, leading to traffic accident. Especially for the on ramp conditions. For example, there are at least 165 viaduct ramps on the Second Ring Road in Wuhan, China. V2V radio channel properties under this scenario have been studied preliminarily in [20] , including PDP, RMS delay spread, and fading depth (FD). Li et al. [20] also focused on the impact of soundproof walls on vehicular communication under urban viaduct ramp scenarios.
B. CONTRIBUTIONS OF THIS PAPER
• Measurement campaigns focusing on typical ramp scenarios are conducted. We carried out four measurement campaigns in classical ramp cases to obtain V2V radio channel parameters. Two typical structures of ramps i.e., viaduct ramp with soundproof walls in urban areas and a general ramp without soundproof walls in suburban regions (both on-ramp and off-ramp cases), are studied.
• Small-and large-scale channel properties are estimated. Based on the measurements, we analyzed V2V radio channel properties under typical ramp scenarios, including amplitude distribution, FD, level crossing rate (LCR), average fade duration (AFD), RMS delay spread, path loss, and shadow fading. The statistical distribution of measured RMS delay spread and shadowing are modeled using generalized extreme value (GEV) and Gaussian distribution, respectively.
• Channel performance under different ramp scenarios is compared. The comparisons and summarizations of the channel performance are carried out based on the classification of ramps. All the analysis results aim to illustrate valuable findings and serve the design and planning of vehicular communication systems.
C. ORGANIZATION OF THE PAPER
In Section II, the types of ramps and main propagation zones in different periods are defined based on the typical structures and propagation conditions. Section III describes the measurement system and scenarios. The results of small-scale fading analysis are reported in Section IV, and the largescale characteristics are investigated in Section V. Finally, the conclusions are presented in Section VI. Fig.1 and Fig.2 show the sketches of two typical ramp conditions. The ramp shown in Fig.1 appears usually in central city regions with an urban viaduct. As this is a special structure for transportation in dense urban areas, sound barriers are important to ensure that the normal and quiet lives of residents living near the road are not disturbed. Furthermore, a suburban general ramp is presented in Fig.2 in which trees rather than sound barriers exist between the trunk road and ramp.
II. EXPECTED PROPAGATION MECHANISMS
Some research results about the latter case were presented 7504 VOLUME 6, 2018 in [17] and [19] , whereas the former case will be investigated in the current study; further, the comparison between both cases will be emphasized. Considering the differences in the influence of ramp structures on V2V radio channels, the ramp scenarios in question can be classified into two types:
• RSPW: ramps with soundproof walls in urban viaduct scenario;
• RnSPW: ramps with trees instead of soundproof walls in a suburban area. Furthermore, the entire process of driving a measurement vehicle through a ramp can be divided into various zones based on different propagation conditions.
• Zone F: In this zone, line of sight (LOS) is unavailable owing to the obstructions between the transmitter and receiver. It can be defined under two conditions in the current paper. For the RSPW case, it applies to the condition where Rx and Tx are separated by a soundproof wall, whereas for the RnSPW condition, it can be described as the area obstructed by trees beside the road.
• Zone N: This zone appears when both measurement cars are driving on the main road. Under this condition, LOS may be available. There are almost no obstructions between the transmitter and receiver, except other passing vehicles.
• Zone T: The existence of a long and high soundproof wall leads to NLOS region until LOS appears in the RSPW case. Nevertheless, the RnSPW condition is a relatively open area, and a transition process will alleviate the amplitude of variation. Thus, Zone T has practical significance only under the RnSPW condition. In the following sections, we describe and analyze the V2V radio channel characteristics under the RnSPW and RSPW conditions. The differences among Zone F, Zone N, and Zone T will also be compared.
III. MEASUREMENT CAMPAIGNS
For the validation and analysis of the idea proposed in Section II, four measurement campaigns for the two typical ramp conditions mentioned above were carried out.
A. MEASUREMENT SYSTEM
The measurement system was composed of six parts: a Super Radio AS channel sounder with cables, transmitter (Tx), receiver (Rx), mobile vehicles, global positioning system (GPS), and computers. The channel sounder performed single-input single-output measurement and emitted a chirp signal. The carrier frequency was set to 5.9 GHz with a frequency bandwidth of 100 MHz. Tx and Rx were installed on the roof of measurement cars as shown in Fig.3 (a) and Fig.3(b) , respectively. In the RnSPW and RSPW measurements, omnidirectional antennas were used as Tx to transmit and as Rx to receive the chirp signal. Both omnidirectional antennas had vertical polarization with omnidirectional beam-width azimuth. Owing to the similar height of Tx and Rx as given in Table 1 , the influence of beam-width elevation could be ignored. Further parameter details are listed in Table 1 . To compute the distance between two mobile terminals and to map the traveling track, GPS data were logged into a computer via the integrated GPS module. Additionally, videos were recorded during the entire measurement.
B. MEASUREMENT SCENARIOS
The 5.9-GHz V2V radio channel measurements were conducted in Wuhan, China (Optical Valley Bridge Road and Xiongchu Viaduct on the Second Ring Road). By considering the aforementioned conditions, the measurement scenarios are designed as follows: Fig.4(a) ). The Tx car left the main road and headed to Nanwang Mountain West Road, whereas the Rx car continued to drive on the main road. Both cars were moving at the speed of 36-46 km/h. (Fig.4(b) ). The Tx car moved to Optical Valley (Fig.4(c) ). In this measurement, the Rx vehicle exited the Xiongchu viaduct on Wuhan's Second Ring Road and the Tx vehicle was still driving on the viaduct. There was a soundproof wall between the main road and ramp, whose height was much higher than that of the cars. Both measurement cars were moving at the speed of 64-76 km/h. Scenario-IV: (30 • 31'11''N, 114 • 19'31''E) On-ramp in RSPW (Fig.4(d) ). The Rx vehicle entered the viaduct through the entrance ramp whereas the Tx car was driving on the Second Ring Road. Both measurement vehicles arrived at the merging point at approximately the same time. A soundproof wall with a similar structure as the one in Scenario-III existed between the two passageways. The speeds of Tx and Rx were 26-44 km/h and 56-60 km/h, respectively.
Scenario-II:
Images of the four measurement campaigns are shown in Fig.4 . Scenario-I and Scenario-II (RnSPW) are typical suburban environments, corresponding to the aforementioned sketch in Fig.2 . In these cases, trees and road signs between the ramp and trunk road are the main scatterers, shown as Area i and Area ii in Fig.4 , and marked as Area I in Fig.3(c) . Scenario-III and Scenario-IV (RSPW) are urban areas. Soundproof walls with a large height (Area II in Fig.3(d) ) have a significant impact on the properties of the V2V radio channel. Correspondingly, Area iii and Area iv show the relative location between the road and soundproof walls in Fig.4 .
IV. SMALL SCALE CHARACTERISTICS
To ensure that the wide-sense stationary uncorrelated scattering assumption [21] , [22] was established, a window of 10 wavelengths was utilized to remove the large-scale fading effect from the raw measured data. The maximum speed of the vehicles was utilized to set the window length to ensure that the sample number was sufficiently large (I-194299, II-108409, III-118855, IV-151943) such that the statistical results were reliable.
A. BEST FIT DISTRIBUTION OF FADES
Lognormal, Rayleigh, Rician, Nakagami-m, and Weibull distributions are widely used in mobile radio channel modeling [21] , [23] , [24] . However, there are variations of fitting results among various probability density functions (PDFs) under different propagation conditions. Thus, it is important to select an optimal model among them.
Akaike information criteria (AIC) [25] can evaluate the goodness-of-fit (GoF) between the statistical models and raw data. It has been used extensively in the selection of the appropriate fitting distribution [23] , [26] - [29] . We employed it to select an optimal model in the current paper.
7506 VOLUME 6, 2018 In Equation (1), PDF(x n ) and θ i are the PDF and distribution parameter vector of the measurement data with the length of N , respectively. Further,θ i represents the maximum likelihood estimate of θ i with the dimension D.
For convenience, Akaike weight w i [26] defined by Equation (2) is usually viewed as a reference value for selecting a better fit. The total value of all w i is 1, and a higher value of w i provides a better distribution fit.
where I is the total number of candidate distributions and
Akaike weights are plotted in Fig.5 , and the corresponding rates of small-scale fit distributions for each measured scenario are listed in Table 2 . It is observed that, in Zone F, Rayleigh distribution reaches 43.75% in Scenario-I and 12.64% in Scenario-II, whereas the proportion of Rician distribution shows an absolute advantage in Zone N, with 75% and 65.31%, respectively, for Scenario-I and Scenario-II. In Scenario-III and Scenario-IV, the performance of Rician distribution in Zone N is similar to the observation in the previous two scenarios, i.e., 70.31% and 67.47%, respectively. However, Weibull distribution and Nakagami-m distribution are outstanding in Zone F, with sum values of 76.83% and 64.94%, respectively, for Scenario-III and Scenario-IV.
Notably, in Scenario-I and Scenario-II, the performance of Rayleigh distribution in NLOS regions is consistent with the theoretical prediction in [21] . Furthermore, the Weibull or Nakagami-m distribution accounts for a large proportion of the fitting results of Zone F in Scenario-III and Scenario-IV. In order to explain this phenomenon further, the shape parameters (β) [30] of Weibull distribution and mfactors [31] of Nakagami-m distribution are plotted in Fig.5 . Further, their mean values and standard deviations are listed in Table 2 . It is observed that the shape parameters in Zone F (Beta-B, Beta-C, Beta-E, and Beta-F in Fig.5 ) are approximately 2 with a small standard deviation (0.06, 0.02, 0.09, and 0.19) and the m-factors are approximately 1, which illustrates that the distribution in this zone is close to Rayleigh distribution [21] . This is consistent with the expected performance in Zone F owing to the non-availability of LOS as it is blocked by trees in Scenario-I, Scenario-II and soundproof walls in Scenario-III, Scenario-IV. Further details of β and m-factor are given in Table 2 .
From Fig.5 and Table 2 , we can observe that the bestfit distribution varies with the change in the propagation condition. In the RnSPW case, the following were observed: (1) NLOS between Rx and Tx leads to the presence of Rayleigh channel; (2) Weibull distribution with shape parameters (β) of approximately 2 and Nakagami-m distribution with m-factor of approximately 1 are observed with the change in the propagation environment; and (3) Rician distribution dominates in the LOS condition. However, in the RSPW case, the following were observed: (1) Weibull distribution and Nakagami-m distribution appear centrally in the block region caused by the soundproof wall; and (2) when the measurement cars move out of the blocked area, Rician distribution becomes the best fitting model.
B. RMS DELAY SPREAD
As the second central moment of PDP, RMS delay spread can provide a compact description of the delay dispersion of the radio channel [1] , [22] , [32] . A threshold is normally set to avoid influence from spurious components. According to [33] , we set the threshold to 6 dB above the average noise floor in our analysis. Fig.6(a) illustrates the statistical properties of RMS delay spread by using cumulative distribution functions (CDFs), whereas the corresponding PDFs are shown in Fig.6(b) to (e). From Fig.6(a) , it can be observed that 90% RMS delay spread is within 39.37 ns, 42.74 ns, 145.8 ns, and 86.92 ns for Scenario-I, Scenario-II, Scenario-III, and Scenario-IV, respectively. The larger values in Scenario-III and Scenario-IV indicate that the reflections from the surroundings are richer than those in Scenario-I and Scenario-II. This is consistent with the relative openness of Scenario-I and Scenario-II, whereas the other two cases are not open owing to soundproof walls on the sides of the road.
Generally, the statistical characteristics of the RMS delay spread can be fitted well using a lognormal distribution [1] , [34] , [35] . However, from Fig.6 , it is observed that the RMS delay spread in the current study is affected heavily by extreme values. To address the impact of extreme values of RMS delay spread on the channel parameters, we use the GEV distribution [36] to model it, which employs extreme values (maxima or minima) in the sample data, as expressed in Equation (3):
where k, σ , and µ are the shape factor, scaling parameter, and location parameter, respectively. The parameters of the GEV distribution are presented in Table 3 . Among the GEV parameters, k governs the tail behavior of the distribution. σ and µ represent the dispersion and average of the extreme observations, respectively [37] . The results presented in Table 3 indicate that σ and µ of Scenario-III and Scenario-IV are larger than the corresponding values of Scenario-I and Scenario-II. This illustrates that the surrounding scatterers in the RSPW cases can have an even stronger impact on the V2V radio channel. Furthermore, the consistency between the measured CDF F m (τ rms ) and the fitted CDF F t (τ rms ) is shown in Fig.6(a) . The KolmogorovSmirnov test (K-S test) is used as the GoF indicator [38] to quantify the fitting degree, as shown in Equation (4):
where sup denotes the supremum and the significance level of GoF ≤ γ = 0.11 indicates a good fit [39] . Table 3 lists the result of GoFs between the fitted data and measured data. It can be observed that GoFs obtained from the GEV model are less than those obtained from the lognormal model for Scenario-I and Scenario-II. However, GoFs from both fitted models are almost the same for the other two scenarios. This also indicates that the soundproof walls reduce the extreme influence from the surrounding scatterers.
C. FADING DEPTH
Using our wideband measurement, we first executed the transformation from wideband signal to an equivalent narrowband signal [40] . By removing the effects of large-scale fading using a window of 10 wavelengths, small-scale fading obtained from four measurements is shown in Fig.7 . Among them, FD is a measure of the variation of channel energy about its local mean, which is defined as the difference between the 50% and 1% signal levels [23] , [41] . Moreover, the maximum FD, which is the difference between the signal levels of the 50% signal level and the maximum fading values, can also be a reference value [23] . The 50% and 1% values can be obtained from the empirical CDF, and the maximum fading values have been marked as green circles (FD a∼FD h) in Fig.7 .
The results of FD are summarized in Table 2 . From the results, we can observe that the maximum FD is approximately 9 dB in Zone N for Scenario-I, and it is smaller in Zone T (6 dB) and Zone F (1 dB). In contrast, for Scenario-IV, the maximum FD in Zone F is larger than that in Zone N.
Notably, in Scenario-I and Scenario-II, passing vehicles and roadside trees are the main reflection and scattering components, which lead to the severity of V2V radio channel fading (e.g., FD a and FD e). Instead, compared with passing vehicles, soundproof walls contribute more to the severe small-scale fading under RSPW scenarios. The variation of VOLUME 6, 2018 FD in each zone has been presented in Table 2 , indicating that the reduction caused by passing vehicles, roadside trees, and soundproof walls cannot be neglected in the design of a V2V radio communication system.
D. LCR AND AFD
In addition to the characteristics mentioned previously, LCR and AFD are important for describing the statistics of mobile fading channels [21] , [42] . Moreover, from a system point of view, extracting LCR and AFD related to a given threshold from the measurements is of wider significance. LCR denotes the frequency with which the received signal crosses (from down to up) a given threshold level per time unit; further, AFD determines the average duration for which the signal remains below a certain level [21] . In our research, the LCR values indicate the crossing times per window length (10λ), whereas AFD is also expressed in terms of the window length. Fig.8 shows the measured LCR and AFD in Zone F in each scenario. To obtain a relatively complete description of the radio channel, we deduce LCR and AFD with respect to three typical threshold levels 0 dB, −2 dB, and −4 dB from the measured values. From the results listed in Table 4 , it can be observed that, under similar driving environments and propagation conditions, LCR values are higher in Scenario-III and Scenario-IV than in Scenario-I and Scenario-II for the same threshold level. This is due to the influence of soundproof walls in the latter two scenarios. We can also draw a similar conclusion from the AFD curves. The comparison among these four measured scenarios shows that soundproof walls in an urban viaduct environment can exacerbate the severity of V2V radio channel fading.
V. LARGE SCALE CHARACTERISTICS A. PATH LOSS
Generally, path loss versus distance is used to describe the average attenuation of a radio signal caused by its propagation in the study of mobile communication [1] , [22] , calculated by Equation (5):
where P t and P r are the powers of Tx and Rx, respectively, G t and G r are the gains of their antennas, respectively. L 0 denotes the attenuation caused by the devices and cables. Propagation path loss is calculated by substituting the gain and power of antennas into Equation (5), and it is plotted in Fig.9 . Furthermore, we model path loss using the simple logdistance power law [22] based on Equation (6), which can predict the reliable communication range between Tx and Rx. The path loss versus log-distance curves are plotted in Fig.9 .
where PL law denotes the estimated path loss, d (extracted from the GPS data) is the distance between Tx and Rx, n is the path loss exponent estimated using linear regression, and X σ is a zero-mean Gaussian distributed random variable with standard deviation σ . PL 0 is the path loss at a reference distance d 0 in dB. d 0 has been listed in Table 5 . Only a few samples are available before d 0 . Fig.7 shows the received signal level (RSL) versus time for four measured scenarios. Different mean values of RSL can be observed in previously divided propagation zones, which are listed in detail in Table 2 . For the same measured condition, we can observe that Rx received higher signal level in Zone N than in Zone T and Zone F. Moreover, for a clear comparison between RSPW and RnSPW, RSL A, RSL B, RSL C, and RSL D are marked with green circles in Fig.7 . Notably, in the urban viaduct ramp scenario, an abrupt change (RSL C, D) without any buffer (such as RSL A, B in the other two scenarios) appears owing to the presence or absence of soundproof walls.
From Fig.9 , it is observed that path loss values in the transition regions of Scenario-III and Scenario-IV are different from those in the transition regions of the other two scenarios (marked in red box in Fig.9 ). We also observe from Fig.9 that, for Scenario-III and Scenario-IV, path loss values change abruptly in the transition regions (at approximately 18.03 m and 43.32 m). However, they vary continuously in Scenario-I and Scenario-II. This observation is consistent with the discussion on the influence of soundproof walls in an urban viaduct environment. Furthermore, the value of n depends on the specific propagation environment. The lower the value, the better the propagation [8] . In these two types of ramp conditions, we derived the path loss exponent as [8] (n = 1.68) and [43] (n = 1.61) and under suburban condition in [12] (n = 2.5). This illustrates that wireless propagation undergoes more attenuation under ramp scenarios.
B. SHADOW FADING
Shadow fading (X σ ) on a dB scale is commonly considered to follow a zero-mean Gaussian distribution with standard deviation (σ ) related to the propagation environment [44] . We extracted shadowing values from four measured scenarios and fitted them with Gaussian distributions in Fig.10 . Moreover, we obtained the p-values by using the K-S test to determine if shadowing extracted from the different cases follows the N (0, σ 2 ) [45] . σ and p-values are given in Table 5 . From the σ values, it can be observed that, for opening Scenario-I and Scenario-II, the σ values are slightly larger than in Scenario-III and Scenario-IV. This may be due to the shadowing effects of passing vehicles; however, the long soundproof wall results in a continuous shadow fading in Scenario-III and Scenario-IV. Furthermore, the small p-values indicate that the shadowing follows the N (0, σ 2 ) well [45] . 
VI. CONCLUSION
This paper presented four V2V radio channel measurements conducted at 5.9 GHz under RSPW and RnSPW scenarios. The difference between the V2V radio channel properties of both cases was highlighted. Small-and large-scale characteristics under various propagation conditions were analyzed and compared. The main results of this paper are summarized as follows.
• Small-scale characteristics. By analyzing small-scale characteristics, we observed that Rician distribution offered the perfect fit when LOS was available under both RSPW and RnSPW scenarios. Rayleigh distribution performed best when LOS was unavailable in RnSPW; however, Weibull distribution with shape parameters of approximately 2 and Nakagami-m distribution with m-factor of approximately 1 fitted well under RSPW scenario. Owing to the heavy influence of extreme values, the GEV model provided a good match for the CDF and PDF of RMS delay spread. The FD of V2V radio channel under RnSPW scenario ranged from 2 dB to 7 dB, whereas it ranged from 2 dB to 4 dB in the RSPW case. Passing vehicles and roadside trees can lead to channel fading, and the fading varied with the propagation environment.
• Large-scale characteristics. The RSL fluctuated by 4∼12 dB owing to the impact of the change in propagation environment. Path loss could be modeled as a function of the log-distance using a simple power law with a path loss exponent of approximately 5. Further, abrupt changes were observed in path loss models under urban viaduct ramp scenarios owing to the influence of soundproof walls. The standard deviation values of shadow fading in the RnSPW case were slightly larger than those in the RSPW case owing to the effects of continuous passing vehicles.
• Impact of different structures of ramps on V2V radio channel. As the height of the soundproof wall was much higher than that of the vehicle, the impact of soundproof walls on the V2V radio channel properties in the RSPW case was evident. Compared with RnSPW, the transition process between LOS and NLOS cases was replaced by an abrupt change of channel properties in the RSPW case. Furthermore, the presence of soundproof walls could increase the FD and LCR. The results of our work can serve as the basis for the design of V2V communication systems. In particular, they can be applied to the ITS to reduce urban traffic congestion and traffic accidents. 
